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Abstract
The clustering of kin is widespread across the animal kingdom and two of the
primary mechanisms underlying the formation of these patterns in adult kin are
(1)philopatrictendenciesand(2)activelymaintainedkinassociations.Usingpoly-
morphic microsatellites, we had set out to characterize the level of genetic-spatial
organization within a colony of female red-breasted mergansers (Mergus serrator)
breeding on a series of small barrier islands in Kouchibouguac National Park, NB,
Canada. Additionally, using nesting data from this colony, we explored possibilities
for the existence of kin associations and/or cooperative interactions between these
individuals; speciﬁcally in the form of the synchronization of breeding activities
(i.e., incubation initiation). Our results include: (1) the detection of broad-scale
genetic structuring over the entire colony, as females nesting on separate islands
were to some extent genetically distinct; (2) the detection of weak, yet signiﬁcant,
positivespatialautocorrelationofkinattheﬁnescale,butonlyinthemoredensely-
populated areas of this colony; and (3) the synchrony of breeding activities among
proximally nesting females, apart from any factors of relatedness. While these re-
sults conﬁrm the existence of genetic-spatial organization within this colony, the
underlying mechanisms producing such a signal are inconclusive.
Introduction
Certain settling decisions result in the formation of clusters
ofkininspace.Twoprimarymechanismsunderlyingthefor-
mation of these associations in adult kin are (1) philopatric
tendenciesand(2)kinassociations(VanderJeugdetal.2002;
Sonsthagenetal.2010).Intheformer,kinclusteringismerely
a biproduct of the common preference of related individu-
als to settle in proximity to their natal territory (Greenwood
1980). This drive allows individuals to maximize advantages
associated with site familiarity (Wright 1943; Rathbun 1979;
Beletsky and Orians 1991). Conversely, kin associations are
direct efforts by animals to surround themselves with other
genetically similar individuals. By doing so, the emergence
ofwithin-groupcooperativeandaltruisticbehaviorsisfacili-
tated(Reyer1984;McAllisterandRoitberg1987)andoppor-
tunities for kin selection are enhanced(O’hara and Blaustein
1981; Nituch et al. 2008). Interactions between kin can re-
sult in numerous beneﬁts including increased survivorship
(Lambin and Krebs 1993), local recruitment (Stoen et al.
2005), and reproductive success (Andersson and Ahlund
2000; Nielsen et al. 2006). Philopatry and kin associations
are by no means mutually exclusive and it is even suggested
that natal philopatry is a precursor for the emergence of kin
associations (Greenwood 1980).
Inrecentyears,duetotheincreasedaccessibilityofgenetic
markers,thespatialstructuringofkin,thatis,genetic-spatial
autocorrelation (GSA), has been shown to be widespread
across various animal taxa; from mammals (Girman et al.
1997; Taylor et al. 1997; Coltman et al. 2003), to arthropods
(Burgman and Williams 1995; Loeb et al. 2000; Uesugi et al.
2009),tobirds(Piertneyetal.1998;Shoreyetal.2000).Given
the philopatric nature of female waterfowl (Doty and Lee
1974; Cooke et al. 1975), it is expected that colonially nest-
ing species, for example, common eiders (Somateria mollis-
sima)andred-breastedmergansers(Mergusserrator),exhibit
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somedegreeofGSA(Pearce2007).Kinassociationshavealso
been reported to occur among certain waterfowl (Anders-
son and Ahlund 2000; Nielsen et al. 2006); and accordingly,
suchbehaviorsshouldalsocontributetothepresenceofGSA
(Van der Jeugd et al. 2002; McKinnon et al. 2006; Waldeck
et al. 2008; Sonsthagen et al. 2010). Kin associations within
a colony are expected to result in genetic structuring at the
local scale (Sonsthagen et al. 2010); however ﬁne-scale GSA
is not an exclusive indicator of this phenomenon. The pres-
ence of (1) high levels of intracolonial relatedness and/or (2)
extreme philopatric tendencies, will also produce this signal
(Van der Jeugd et al. 2002; Sonsthagen et al. 2010). In the
ﬁrst case, ﬁne-scale GSA can occur randomly if there is a
highlevelofbackgroundrelatedness(Fowleretal.2004).For
example, this was believed to have occurred among greater
white-fronted geese (Anser albifrons frontalis)w h e r en e s t s
of kin are occasionally found in tight clusters (Fowler et al.
2004). High intracolonial relatedness can result from a high
proportion of females with philopatric tendencies (Green-
wood 1980; Ratnayeke et al. 2002). Second, the extent of the
philopatrictendenciesexhibitedbycolonialfemaleswillhave
consequences on the degree of GSA observed (Van der Jeugd
et al. 2002; Sonsthagen et al. 2010). For instance, ﬁrst-order
relatives (i.e., mother–daughter or sister –sister) exhibiting
ﬁdelity to a particular site (e.g., a nest bowl) would result
in a stronger, more acute signal of GSA than females re-
turning merely to a given region. While the manifestations
listed above may not be easily deconfounded, complement-
ingobservationsofﬁne-scaleGSAwithotherecologicaldata,
speciﬁcally thatof brood synchrony, canbringgreatermean-
ingtoitsinterpretationbyfurtherqualifyingtherelationships
between kin (i.e., not just with respect to geographical dis-
tance).
The red-breasted merganser (M. serrator)i sam e d i u m -
size sea duck that breeds across the Holarctic range. Strong
philopatric tendencies of breeding females have been re-
ported for colonial populations, including on Tern Islands
(TIs) at Kouchibouguac National Park, New Brunswick
through mark-and-recapture studies (R. D. Titman, pers.
comm., see appendix of Craik 2009). While, it is therefore
expected that at least some degree of genetic structuring ex-
ists (Pearce 2007), the extent and scale at which this occurs is
currently unknown. Furthermore, the potential presence of
kin association between nesting females remains untested.
The main objective of our study is to examine patterns
of spatial-genetic organization among nesting hens on the
TIs at various scales. Using a multivariate approach, we ﬁrst
assessed the degree of genetic structuring with respect to the
island females were nesting on (i.e., broad scale). Second, we
examinedthecorrelationbetweenthegeographicandgenetic
distancesbetweennestingfemales(i.e.,localscale).Finally,in
order to assist with our interpretation of GSA, we measured
the timing of a female’s nesting activities and related these
observations to both the geographic and genetic distances
to nearby females. To our knowledge, this is the ﬁrst study
to (1) look at the levels of genetic structuring with a red-
breasted merganser colony and (2) examine GSA directly in
conjunction with the synchronization of nesting activities.
Methods
Field collection
The TIs consists of two small barrier islands: Tern Island A
(TI-A) and Tern Island B (TI-B) (Fig. 1). Field data were col-
lected during June and July 2008. Systematic searches were
conducted on a weekly basis throughout the incubation pe-
riod to locate as many nests as possible. Red-breasted mer-
ganser nests are lined with vegetation and plucked feathers
and are situated primarily in marram grass (Ammophila bre-
viligulata) (Bent 1962; Craik and Titman 2009). The coordi-
nates of each nest were recorded using a global positioning
system (GPS model eTrex, Garmin Ltd., Olathe, KS, USA).
Theincubationstage(d)ofeachnestwasassessedbyﬂoating
eggs as described by Westerskov (1950) and the ﬁnal clutch
sizes of each nest were recorded. Efforts to trap females com-
menced only in the ﬁnal quarter of the incubation period to
minimize risk of nest abandonment. Females were captured
using nest traps (Weller 1957) and from each captured bird,
a 0.25 cc blood sample was collected from the ulnar vein
and deposited in a heparinized Vacutainer R   (BD, Franklin
Lakes, NJ, USA). Each Vacutainer was labeled accordingly
a n de v e n t u a l l ys t o r e da t– 2 0 ◦C. Once a nest was deemed in-
active (i.e., either due to success in hatching, predation, or
abandonment),fourtoeightcontourfeatherswererecovered
fromthebowl,placedinasmallenvelope,andstoredat4◦C.
Lab protocol
DNA extraction protocols for both blood and feather sam-
ples were initiated approximately 6 months after they had
been collected. The extraction and precipitation of DNA
from blood samples was conducted using a DNeasy R   Blood
and Tissue Kit (QIAGEN) and from each sample 10 μlo f
blood was used. Procedures were carried out in accordance
with the manufacturer’s recommendations with the excep-
tion to having used (1) a PBS solution with pH = 7.4 as op-
posed to pH = 7.2 and (2) an extended incubation period of
30 min after step 2 of the protocol. The protocol for extrac-
tion and precipitation of DNA from feathers was based on
thephenol–chloroformmethoddescribedbySambrooketal.
(1989).
Eight primer pairs were used in the polymerase chain re-
actions (PCR): Aph08, Aph13, Aph15, Aph20, Aph24, Mm01,
Mm04,a n dHhiμ5; the forward primer of each pair was
tagged with one of the following ﬂuorescent labels: 6FAM,
VIC, NED, or PET (Applied Biosystems). PCRs were carried
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Figure 1. The study population of nesting red-breasted mergansers was located on a series of small barrier islands, collectively known as the Tern
Islands (TIs), situated in Kouchibouguac National Park, New Brunswick, Canada. Field data collection was carried out in the summer months of 2008.
The ESRI shapeﬁles were obtained from GeoBase (http://www.geobase.ca/).
out using a PTC-200 thermocycler (MJ research Inc.). Each
reaction had 100 ng of DNA, 0.25 μM each of forward and
reverse primer, 2 μMo fM g C l 2,a n dat o t a lr e a c t i o nv o l u m e
of25μl.Allprimerswereprocessedunderthesamethermal-
cycling regime: initialization (94◦C for 2 min), 40 cycles of
denaturation (94◦C for 15 s), annealing (50◦Cf o r1 5s ) ,a n d
elongation (72◦C for 30 s); and an extended elongation pe-
riod (72◦C for 30 min). The products obtained from the
PCR were subsequently resolved using an ABI-3730XL DNA
Analyzer (Applied Biosystems).
Analysis of genetic diversity
Allelic frequencies, Hardy–Weinberg equilibria (HWE) (us-
ingMarkovchainmethodwithdefaultparameters),andlink-
age disequilibrium were calculated using Genepop 3.1 (Ray-
mond and Rousset 1995). Because no microsatellite primers
developed speciﬁcally for the M. serrator genome are cur-
rently available, our genetic analysis was limited to the use
of heterologous primers. Deviations in HWE, speciﬁcally an
excess of homozygosity, can be indicative of the presence of
nonamplifying alleles (Pemberton et al. 1995). Nonamplify-
ing alleles can be prevalent especially when using heterolo-
gous primers, and if there is a paucity of detectable allelic
variability, their presence may obscure the analysis (Pember-
ton et al. 1995). Therefore, in our study, an HWE-deviated
locus was required to have at least three detectable alleles
before it was integrated into our approximation of genetic
distances.
A rarefaction analysis, using the Queller and Goodnight
(1989) coefﬁcient of relatedness, was employed to assess the
consistency of the estimates of relatedness. Queller & Good-
night’s coefﬁcient of relatedness (R) is a pairwise estimate of
kinship obtained by ﬁrst weighting alleles by their respective
frequencies so that the rarer an allele, the greater its weight.
The coefﬁcient of relatedness of individual x to individual y
can be deﬁned as:
R(x,y)asymmetric =
n
i=1
m
j=1 P(y)i,j − Pi,j
n
i=1
m
j=1 P(x)i,j − Pi,j
, (1)
where n is the total number of loci, m is total number
of allelic positions (i.e., 2 for diploid organisms), Pi,j is
t h ep o p u l a t i o nf r e q u e n c yo ft h ea l l e l ea tt h eith locus and
the jth allelic position in individual x, P(x)i,j is the fre-
quency of that allele within individual x (i.e., either 0.5 for
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heterozygotes or 1 for homozygotes), and P(y)i,j is the fre-
quency of that allele in individual y (i.e., either 0, 0.5, or 1).
Thisindexisasymmetricalas R(x,y)  = R(y,x) andthereforein
ordertoobtainsymmetricalpairwisecoefﬁcients,thenumer-
atoranddenominatorvaluesfromEquation(1)for R(x,y)and
R(y,x) were summed prior to division. The rarefaction algo-
rithm consisted of the following steps: (1) randomly sample
(without replacement) a set of microsatellites; (2) calculate
relatednessbasedsolelyonthatmarker;(3)randomlysample
an additional marker; (4) recalculate relatedness using both
markers; (5) calculate the absolute value of the difference be-
t w e e nt h ee s t i m a t e sp r o d u c e di ns t e p2a n d4 ;a n dﬁ n a l l y( 6 )
repeat steps 1–5 until all markers have been sampled. This
algorithm was repeated 1000 times and the means differ-
ences between each estimate were calculated. This procedure
was carried out using the web-based analysis tool, RE-RAT
(http://people.musc.edu/∼schwaclh/).
Analysis of GSA
Nest densities on each island were calculated by dividing the
number of nests on an island by its total area (m2). Our
measurementofareawasbasedontheisland’sperimeterand
wascomputedusingArcGIS(ESRIInc.).Euclideandistances
were calculated between nests using geographic coordinates
(UTM).TheEuclideandistancebetweentwopointsisdeﬁned
by
D(a,b) =

(xa − xb)2 + (ya − yb)2, (2)
where (xa, ya) are the x-a n dy-coordinates of nest a,a n d
(xb, yb) are the x-a n dy-coordinates of nest b,r e s p e c -
tively. The multivariate approach described by Smouse and
Peakall (1999) was employed as a measure of genetic dis-
tance between nesting females. At a given microsatellite lo-
cus with four alleles (A, B, C, D), the distance between
two individuals is deﬁned as: d(AA, AA) = 0; d(AB, AB)
= 0; d(AA, AB)= 1; d(AB, AC) = 1; d(AB,CD) = 2;
d(AA, BC) = 3; d(AA, BC) = 4. Pairwise distances were
ﬁrst calculated for each locus separately and then summed
acrossallloci.Factorsthatinﬂuencedourselectionofthisco-
efﬁcient included its preestablished compatibility with mul-
tivariate statistics as well as its precedence in similar studies
that explored GSA among colonial waterfowl (e.g., Sonstha-
gen et al. 2010). One risk associated with the use of this
coefﬁcient is that errors, arising from the presence of non-
amplifying alleles, are inﬂated because the distances between
homozygouspairsarescoredasgreatest.Wefeelthatthisrisk
hasbeenminimizedgivenourcriteriaforreducingthelikeli-
hood of nonamplifying alleles in our dataset (see above) and
that the advantages of using this particular coefﬁcient out-
weighsuchrisks.Theabovegeneticdistanceswereassembled
intoamatrixandintegratedintoaprincipalcoordinateanal-
ysis (PCoA) in order to assess patterns of genetic variation
across the islands. An ordination diagram was produced by
plotting the ﬁrst two eigenvectors against each other. Addi-
tionally, a single-linkage cluster analysis of the ﬁrst two prin-
cipal coordinates was carried out and superimposed onto
the ordination diagram. By doing so, the distances between
objects were further resolved.
The detection of GSA on each island was achieved using
a Mantel correlogram (Legendre and Legendre 1998). The
Mantel correlation coefﬁcient (r) behaves similar to other
correlation coefﬁcients and ranges from –1 to 1. Positive
coefﬁcients indicate the presence of clustering, while neg-
ative coefﬁcients indicate dispersion between objects. This
technique partitions geographic and genetic distance matri-
ces into numerous subdistance classes (based on only one
of the distance matrices) and calculates the Mantel correla-
tion coefﬁcient (r) for each pair of corresponding submatri-
ces, thereby facilitating the detection of nonlinear trends in
the data (Burgman and Williams 1995; Skabo et al. 1998).
The distance classes, by which these submatrices are deﬁned,
constitute an important user-deﬁned aspect of this analysis;
depending on the classes selected, different patterns of cor-
relation may be observed. In an effort to facilitate additional
comparisons, we selected distance classes of 10-m intervals.
In order to remove dependence on normality, all tests were
based on the Spearman rank statistic. The signiﬁcance of r
was determined by comparing the reference value to a distri-
bution of 9999 values, which were generated from random
permutationsofthedata.Thenullhypothesistestedwasthat
the associations described in the real dataset are just as likely
to be found in randomly generated data. Holm’s (1979) cor-
rectionformultipletestingwasappliedandacriticalvalueof
α = 0.05 was used.
Nesting synchrony
Dates were converted into Julian days; 1 May was arbitrarily
designated as day 1. Incubation-initiation dates for each nest
were calculated by subtracting the recorded incubation stage
from the date on which it had been assessed. Nest-initiation
dateswereestimatedbysubtractingthereportedlayinginter-
valforred-breastedmergansers(1.5d)timesthetotalnumber
eggs from the estimated incubation-initiation date (Titman
1999). However estimates of nest initiation were only back-
dated to a maximum of 18 d (1.5 × 12 eggs) assuming that
nests with ≥13 eggs had been parasitized as per the criterion
used by Craik and Titman (2009).
Mean dates of nest initiation and incubation initiation
for the entire colony were computed and compared between
each island using the Kruskal–Wallis rank-sum test (Siegel
andCastellan1988).Thenullhypotheseswerethatthemean
nest-initiationdateandincubation-initiationdatewereequal
across islands. Signiﬁcance of the test statistic was assessed
using a critical value of α = 0.05. The degree of shared
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explanatorypowerbetweenthetwocovariateswasassessedby
ﬁrst regressing one against the other and then calculating the
coefﬁcient of determination (R2). Either of these covariates
can be justiﬁed as a proxy for nesting synchrony. However,
given the objectives of this study, we carried out our analyses
using incubation initiation as it seemed to be a more ﬁtting
measurement of the overlap of nesting activities.
Mantelcorrelogramswereusedtoassessthedegreeofcor-
relation between (1) incubation initiation and genetic dis-
tance (Smouse and Peakall 1999) and (2) incubation initia-
tionandgeographicdistance.Theformerwasusedtofurther
qualify the relationship (i.e., with respect to the synchro-
nization of nesting activities) between the nesting females
w h o s eg e n e t i cd i s t a n c e sw e r ek n o w n ,w h i l et h el a t t e rp r o -
videdanindicationofthedegreeofnestingsynchronyoccur-
ring throughout the entire colony. Because the use of Mantel
correlograms requires comparison of two distance matrices,
the Euclidean distances (Equation [2]) between nesting fe-
males, on the basis of their incubation-initiation dates, were
computed also using Equation (2). Distance matrices were
partitioned into submatrices of 3-d and 10-m intervals for
tests (A) and (B), respectively. The tests were based on the
Spearmanrankcorrelationcoefﬁcientandthesigniﬁcanceof
the test statistic was assessed using 9999 random permuta-
tions, Holm’s corrections, and a critical value of α = 0.05.
Unless otherwise speciﬁed, all calculations were carried
out using the open-source statistical software R ver. 2.10.1
(http://www.r-project.org/); Mantel tests and correlograms
were computed using the package VEGAN ver. 1.17-2.
Results
Field and lab protocol
Altogether, 88 nests were located across the TIs. The incuba-
tionstatuswascalculatedfor75nestsandgeneticmaterialwas
obtained from 60 nesting females. Considering the extensive
natureofthesearcheffort,itisverylikelythatmostnestswere
found.Of42DNAsamplesoriginatingfromblood,33(79%)
were successfully genotyped. In contrast, only six (33%) of
18 DNA samples from feathers were ampliﬁed successfully.
Therefore, a total of 39 individuals, corresponding to ap-
proximately 44% of the total number of nests detected, were
genotypedacrossalleightmicrosatelliteloci.Aschematicdi-
agramofthespatialdistributionofdiscoveredandgenetically
sampled nests is presented in Fig. 2.
Analysis of genetic diversity
The total number of alleles, observed heterozygosity (HO),
expected heterozygosity (HE), as well as the probability that
thenullhypothesis(i.e.,therenodeﬁciencyofheterozygotes)
istrueforeachlocusispresentedinTable1.Alllociexceptfor
Aph08 and Aph24 were found to have heterozygote deﬁcien-
cies. As the number of alleles found at loci Aph15 and Hhiμ5
were below the chosen threshold of 3 (see above), they were
excluded from subsequent analyses. None of the loci were
found to be in linkage disequilibrium.
The Queller & Goodnight coefﬁcients of relatedness were
calculated for each pair of nesting females within the colony,
Figure 2. A schematic representation of the
red-breasted mergansers nesting on the TIs.
The nesting density of TI A (left-hand side)
and TIs B (right-hand side) was 0.005 and
0.002 nest/m2, respectively. Of the 88 nests
discovered, a total of 39 (44.3%) were
successfully genotyped (represented by solid
circles).
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Table 1. The total number of alleles, observed heterozygosity (HO), and expected heterozygosity (HE) for each microsatellite locus. All loci except for
Aph08 and Aph24 have heterozygote deﬁciencies (in italics). Loci Aph15 and Hhiμ5 were excluded from subsequent analyses due to their lack of
allelic variability.
Primer Number of Prob. (H1 = GenBank accession
name alleles HO HE heterozygote deﬁciency) number Publication
Aph08 5 0.62 0.63 0.506 AJ515887 Maak et al. 2003
Aph13 6 0.64 0.77 0.009 AJ515889 –
Aph15 2 0.00 0.44 0.000 AJ515890 –
Aph20 4 0.46 0.48 0.001 AJ515895 –
Aph24 6 0.44 0.50 0.071 AJ515899 –
Mm01 5 0.18 0.23 0.017 AY679118 Gautschi and Koller 2005
Mm04 13 0.36 0.82 0.000 AY679121 –
Hhiμ5 2 0.00 0.05 0.014 AF025903 Buchholz et al. 1998
Figure 3. A rarefaction analysis depicting the relationship between the
number of loci used and the resultant Queller and Goodnight (1989)
estimate of relatedness. Each point represents the mean difference be-
tween current estimate of relatedness and the one previous to it; the
bars represent the standard deviation. A total of 1000 permutations
were used to generate these data.
and the mean estimate of relatedness was –0.026 ± 0.281
(SD). Rarefaction analysis showed that with each additional
locus, both the mean difference and variance between es-
timates of relatedness decreased dramatically (Fig. 3). The
addition of more loci would further reduce inconsistencies
in the estimated coefﬁcients, albeit by miniscule amounts.
Therefore,whileourestimatesofrelatednessandgeneticdis-
tance are not precise, obtaining a proxy of relatedness was of
greater importance to the objectives of this study. Thus, we
consider that the level of precision obtained is satisfactory.
Analysis of GSA
The density on TI-A and TI-B was 0.05 and 0.02 nests/m2,
respectively. The cumulative proportion of variance in the
Figure 4. Two-dimensional PCoA ordination diagram. The proportion
of variance explained by the ﬁrst two principal components is 0.265 and
0.139,respectively.Inthisﬁgure,thepositionsoftheobjects(i.e.,nesting
females) in relation to one another are approximations of their genetic
distances. The measure of genetic distance used in the PCoA was that
described by Smouse and Peakall (1999). The results from single-linkage
cluster analysis are superimposed onto this ordination plot (represented
by dotted lines) as an additional means for assessing the associations
between objects.
genetic data accounted for by the ﬁrst three principal coor-
dinates is 0.539. Patterns of genetic structuring in relation to
a female’s island of origin were identiﬁed (Fig. 4). Proximi-
ties between points (i.e., nesting females) in this diagram are
approximationsoftheirgeneticdistances;theclosertogether
theyareinordinationspace,themoregeneticallysimilarthey
are.
Weak, yet signiﬁcant, GSA was detected on TI-A (Ta-
ble 2A). Speciﬁcally, females nesting within 10–20 m from
one another on that island were found to be more related
to each other than expected by chance (r = 0.174, N = 32,
corrected P-value = 0.028). No signiﬁcant correlations, at
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Table 2. The distance intervals, number of pairwise observations within a given interval, Mantel correlation coefﬁcients (r), and associated P-values
for the distances being compared. The probabilities were generated using 9999 random permutations of the data and all P-values were corrected
for multiple testing using Holm’s method. A critical value of α = 0.05 was required before rejecting the null hypothesis. Only the ﬁrst three distance
classes of each test are shown here as there were no signiﬁcant or marginally signiﬁcant values detected beyond this. The units of measurement for
both (A) and (C) are meters while that for (B) is days.
Distance interval (DI) No. observations Mantel correlation (r) P-value (corr.)
(A) Geographic distance versus genetic distance (n = 39); DI in (m)
TI-A [0–10[ 12 0.016 0.405
[10–20[ 32 0.174 0.028∗
[20–30[ 34 0.043 0.534
TI-B [0–10[ 34 0.040 0.333
[10–20[ 18 −0.011 0.665
[20–30[ 24 −0.018 0.998
(B) Incubation-initiation date versus genetic distance (n = 37); DI in (d)
TI-A [0–3[ 72 0.026 0.367
[3–6[ 46 0.046 0.653
[6–9[ 82 −0.034 0.980
TI-B [0–10[ 122 0.030 0.482
[10–20[ 76 0.046 0.064
[20–30[ 58 −0.087 0.661
(C) Geographic distance versus incubation-initiation date (n = 75); DI in (m)
TI-A [0–10[ 82 −0.006 0.455
[10–20[ 96 0.103 0.022∗
[20–30[ 100 0.067 0.139
TI-B [0–10[ 78 0.091 0.049∗
[10–20[ 36 0.150 0.000∗∗∗
[20–30[ 54 0.132 0.001∗∗
∗∗∗0.001, ∗∗0.01, ∗0.05
any of the distance intervals tested, were found on TI-B (cor-
responding correlograms are given in Fig. 5A).
Nest-initiation and incubation synchrony
Over the entire colony, the mean nest-initiation date was 7
June (range = 15 May–15 July) and, on average, incubation
began approximately 13 d later; no signiﬁcant differences in
either of these variables were found across the islands (Ta-
ble 3). The proportion of variance (R2) for “nest-initiation”
date accounted for by “incubation-initiation” date was 0.896
implying that there is a high proportion of shared informa-
tion between them (b = 1.317, P-value ≤ 0.000).
Therewasnospatialstructuringdetectedbetweengenetic-
distance and incubation-initiation date across any of the in-
tervals tested on either of the two islands (Table 2B; Fig. 5B)
(n = 37; two samples lost because of missing incubation
data).
Unlike the comparison with genetic distance, signiﬁcant
positive Mantel correlations were detected between geo-
graphic distance and incubation-initiation date across the
entire colony (n = 75) (Table 2C; Fig. 5C). On TI-A, positive
correlations were observed between females nesting within
10–20 m from one another (Mantel r = 0.103, N = 96,
P-value = 0.022). This trend was more extensive on TI-B
where synchrony was detected between those within a 0–30
mdistanceinterval(i.e.,consistingofthreecontiguousinter-
vals) (Table 2C).
Discussion
Genetic-spatial autocorrelation
Ourstudyrevealedsomedegreeofgeneticstructuringamong
females in relation to where they nested, despite the close
proximityofthetwoislands(Fig.4).Positiveﬁne-scalespatial
autocorrelation of kin was revealed with this colony, albeit at
lowfrequenciesandonlyonthemoredenselypopulatedTI-A
(Fig. 5A). Such trends on TI-B were absent.
The colony-scale structuring observed suggests that cer-
tain females, along with their brood mates, prefer to nest
on their islands of origin. Such inferences are further sup-
ported by numerous ﬁeld observations (R. D. Titman, un-
publ. data). Exhibiting ﬁdelity to one’s natal island may be a
rule-based mechanism to maximize the likelihood of choos-
ing good-quality nesting and brood-rearing habitat (Schjor-
ring 2001). In several species, juvenile experience can serve
as a basis for future settling decisions (Brown and Brown
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Figure 5. The Mantel correlograms for TI-A
and TI-B. Signiﬁcant distance intervals are
emphasized with a solid point in the
diagram. A null correlation is represented by
a solid red line in each panel. The
corresponding ﬁgures to these panels are
presented in Table 2. Signiﬁcant values were
determined by generating 9999 random
permutations of the data and all P-values
were corrected for multiple testing using
Holm’s method. A critical value of α = 0.05
was applied.
Table 3. Mean dates of nest initiation and incubation initiation for red-breasted mergansers across the TIs. The days were transformed into Julian
days using 1 May as day 1. In both tests, the null hypothesis, stating that the variable did not differ between islands, could not be rejected. A critical
value of α = 0.05 was used.
Variable name Mean of TI-A Mean of TI-B Kruskal–Wallis (χ2)d fP-value
Nest-initiation date 36.25 38.78 0.719 1 0.396
Incubation-initiation date 49.63 51.23 0.405 1 0.524
1992; Osorio–beristain and Drummond 1993; Schjorring
et al. 2000).
Thestrengthofﬁne-scaleGSAisexpectedtobeweak(Son-
sthagen et al. 2010). Interference with the signal of GSA can
be the result of ecological and/or sampling-related factors.
Ecological factors include: (1) constraints on nest-site se-
lection and (2) mechanism of recognition. In the ﬁrst case,
constraints on nest-site selection can diminish the presence
of GSA, since where an animal nests has important ﬁtness
consequences resulting from access to resources and vary-
ing degrees of exposure to predation, brood parasitism, and
the elements (Clark and Shutler 1999). It is known that
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vegetationtypeandstructure,infact,haveastronginﬂuence
onnest-siteselectioninthiscolonyofmergansers(Craikand
Titman 2009). The second factor is only applicable where
GSA is attributed to the presence of kin associations. Kin
associations require that the individuals involved are capa-
ble of recognizing each other (Waldman 1988; Andersson
and Ahlund 2000). If mechanisms of kin recognition are
basedonfamiliarityasopposedtophenotypematching(e.g.,
Petrie et al. 1999; Van der Jeugd et al. 2002), females may
actually be attempting to nest in proximity to brood mates
and not siblings, per se. Therefore, the presence of high rates
of intraspeciﬁc brood parasitism within a colony may dis-
rupt the signal of GSA, since not all of one’s neighbors are
necessarily ﬁrst-order kin. This consideration is noteworthy
because brood parasitism within the TIs can reach up to
40% in some years (Young and Titman 1988). Alternatively,
sampling-relatedinterferencemayhaveresultedfrom(1)our
underlying assumption that the females (or feathers) appre-
hended from a given nest are endemic to it and (2) a paucity
of genetic samples obtained from nests. While it cannot be
discounted as a possibility that the signal on TI-B was lack-
ing due to the sampling efforts (i.e., only approximately 40%
of nests were sampled across the colony), it is noteworthy
that there are not even vague patterns of positive correlation
observed within the correlogram for that island (Fig. 5A).
In any case, as the ratio of sampled verse unsampled nests
on both islands was virtually the same, it could be reasoned
that the degree of structuring on TI-B, if any at all, is much
less than on TI-A. One possible explanation for why no GSA
was detected in the 0–10 m distance interval might relate to
ourﬁndingthatnonestingsynchronyexistsbetweenkin(see
discussion below). If this is the case, proximally nesting kin
most probably colonized a given area in multiple waves. As
a function of time, the vacancy of suitable nest sites will be
r e d u c e dd u et ot h en e s t i n ge f f o r t so fn o n - k i na n dt h e r e b y
posing a heightened constraint to how close together kin are
able to settle.
As stated in the introduction, the detection of ﬁne-scale
GSA is ecologically inconclusive. Extreme philopatry, high
intracolonial relatedness, and kin associations are three pos-
siblephenomena,whichtheclusteringofkinatthelocalscale
canbeattributedto.Sonsthagenetal.(2010)wereabletodis-
qualify the possibility that extreme philopatry was the mech-
anism underlying the local-scale clustering of kin in colonies
of Paciﬁc common eiders (S. m. v-nigrum). They reasoned
thatbecauseoftheseasonalinstabilityofnestscausedbyper-
petual movements of driftwood, the likelihood that females
exhibit ﬁdelity to a particular bowl is minimal. Instead, the
patterns of association they observed could more likely be
attributed to the presence of kin associations (Sonsthagen
et al. 2010). While it was observed in our study that at least
some females exhibited ﬁdelity to their natal island, the re-
sults are contrary to what is expected if every female had
the proclivity to return to a speciﬁc natal site (i.e., extreme
philopatry), namely that ﬁne-scale GSA was only detected
on TI-A. Therefore, the patterns of GSA observed within the
TIs are unlikely to be solely the result of extreme philopa-
try. Furthermore, due to the permutation-based statistical
methods employed in our study, the assessments made had
effectively accounted for the likelihood of observing a given
pattern of the spatial distribution of nests. Consequently,
the possibility that the pattern observed is only an arti-
fact of high levels of intracolonial relatedness can be largely
discounted.
Thethirdtentativefactorthatmaycontributetothedetec-
tionofGSAisthepresenceofkinassociations.Feasibleforms
of kin association within this colony include: (1) lowered
aggressive tendencies toward neighboring kin; (2) prehatch
brood amalgamation (pre-HBA); (3) posthatch brood amal-
gamation(post-HBA);and(4)cooperativedefense.Reduced
agonism between kin can be important in the recruitment
of related individuals into a given area (MacColl et al. 2000;
Hoglund and Shorey 2003), especially under high-density
conditions where the frequencies of interaction between in-
dividuals are high (Sonsthagen et al. 2010). Generally speak-
ing, it has been demonstrated that the greater the prox-
imity between neighbors, the greater their vulnerability to
thievery (Wojcieszek et al. 2007), cannibalism (Brown 1967;
Yom–Tov1974andreferencestherein),andbroodparasitism
(Reyer 1984; McRae 1998); presumably as a function of in-
creased nest access. Most relevant to the TIs is likely to be
intraspeciﬁc brood parasitism (i.e., pre-HBA), which is in-
cidentally known to have occurred at some of the highest
rates known among ground-nesting waterfowl (Young and
Titman 1988). Aggression toward foreign females would be
expected if brood parasitism has a negative effect on host
ﬁtness (e.g., Milonoff et al. 2004) and under such circum-
stances, both recognition and discriminatory behavior to-
ward kin would serve as adaptive traits (Andersson 2001;
Lopez–Sepulcre and Kokko 2002). Under such a scenario, by
helping kin to obtain a nearby nesting territory, the costs
associated with parasitism are offset by inclusive ﬁtness ob-
tained from either (1) the offspring that are reared directly
bytherecruitedindividualor(2)asaresultofincreasedlevel
of relatedness to parasitic eggs. While a higher level of relat-
edness between donors and recipients has been described in
some populations of goldeneyes (Bucephala clangula)( A n -
dersson and Ahlund 2000) and common eiders (Andersson
and Waldeck 2007; Waldeck et al. 2008), the relationship be-
tween the two in this colony of red-breasted mergansers has
yet to be described. The prospect that females on the TIs
exhibit increased tolerance toward related females is intrigu-
ing, although with no direct line of support. However, the
observation that positive GSA was prominent only on TI-
A, which also had the higher nesting density, is consistent
with the hypothesis that there is an increased tolerance by
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females toward kin who are attempting to establish adjacent
nests.Conversely,theprospectofkin-basedpost-HBAinthis
colonyhasnotbeenwellexplored.Asidefromafewaccounts
(e.g., Bukacinski et al. 2000; Kraaijeveld 2005), the evidence
thatahigherdegreeofrelatednessexistsbetweennonparental
females and the young they are tending, has not been well
substantiated. Instead, more evidence seems to implicate ac-
cidental fusion (Gorman and Milne 1972; Savard 1987) and
abandonment (P¨ oys¨ a 1995; ¨ Ost 1999; Kilpi et al. 2001) as
the two principal factors driving adoption and post-HBA.
¨ Ost et al. (2005) showed explicitly that female relatedness
wasnotafactorinﬂuencingpatternsofbroodamalgamation
among eider hens. This assertion cannot be made here, as
the possibility of relatedness being a factor is unclear. While
on one hand, there was a lack of incubation synchrony ob-
served between kin (Table 2C), the brood-rearing period of
red-breastedmergansersisknowntobelong(≈7weeks)and
amalgamatedbroodsofmixedcohortshavebeenobserved(S.
R.Craik,pers.obs.).Finally,thepossibilitiesofkin-basedco-
operative defense operating within this colony are discussed
below.
Nesting synchrony
In this study, we report synchrony of incubation between
close-nesting females throughout the entire colony (Ta-
ble 2C), albeit not necessarily amongst kin (Table 2B). While
these observations are consistent with the hypothesis pre-
sented above that females are engaging in a cooperative-
defense strategy (i.e., through deliberate synchronization of
nesting activity), it cannot be ruled out that the synchrony
observed is in fact just a biproduct of the gradual thawing of
suitable habitat.
Nesting in groups has several defensive advantagesinclud-
ing beneﬁts from (1) the vigilance and predator-detection
abilities of group mates; (2) the defensive actions taken
against predators by group mates; and (3) predator satiation
fromtheoffspringofgroupmates(Schmutzetal.1983;McK-
innon et al. 2006). Synchronizing breeding with neighboring
females essentially maximizes the period of nesting overlap
and, therefore, simultaneously maximizes the period of time
when such advantages are obtained (Schmutz et al. 1983).
Even though the payoff from this type of cooperative behav-
iorisaugmentedifdirectedtowardkin(O’haraandBlaustein
1981)(andisforallformsofcooperation),iffemalesaresur-
roundedbyasigniﬁcantproportionofnonrelatedneighbors,
i tm a yt h e nb eb e s tt op u r s u et h i ss t r a t e g ya p a r tf r o mc o n -
siderations of genetic relatedness. Furthermore, constraints
such as obtaining a sufﬁcient accumulation of endogenous
reserves may be more critical to a female’s reproductive suc-
cess as she is deciding when to initiate nesting (Devries et al.
2008).
Conclusion
Our ﬁndings support the hypothesis that spatial-genetic or-
ganization exists among the red-breasted merganser hens in
this colony. Based on this analysis, it appears that organiza-
tion is present both at the regional (i.e., across islands) and
ﬁne scale (i.e., between neighboring nests); however the lat-
ter was only detected in the more densely populated regions
of the colony. Currently, no concrete inferences about the
mechanisms driving these patterns can be made. While our
results are compatible with the hypothesis that at least some
of the ﬁne-scale GSA observed within this colony is a prod-
uctofanincreasedleveloftoleranceamongkin,thisneedsto
be investigated in further depth using data from additional
years and other colonies. Similarly, while we have found that
proximally nesting females exhibit synchronized incubation
periods over the entire colony, it cannot be stated for certain
that this is deliberately implemented as a part of a coop-
erative defensive strategy. Although the inferences that can
be made based on our results are limited, a solid frame-
work for future research addressing spatial-genetic struc-
turing, both within and outside of this system, has been
established.
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